Dendritic cells (DCs) are the master regulators of the immune response and engage in constant cross-talk with other immune cells to initiate an appropriate immune response. The outcome of cross-talk with various immune cells towards DC functions has been shown to be dependent on the particular subset of cells and their activation stimuli. Here we show that for human B cells to induce maturation of DCs with an enhanced T-cell stimulatory capacity, B-cell receptor (BCR) signaling is sufficient for memory B-cells, whereas additional CD40 signaling is required for naïve B cells to induce complete activation of DCs.
DCs are the most efficient antigen-presenting cells and play a crucial role in the initiation and regulation of the immune response. This unique function of DCs is attributed to their capacity to recognize insults from their surroundings and via cross-talk with other cells and soluble immune mediators, including cytokines and antibodies. [1] [2] [3] In fact, DCs engage in a dialog with various immune cells, including T cells, NK cells, and B cells, which can influence the quality of the immune responses induced by DCs. Furthermore, different subset of cells within a given immune cell population can have a distinct impact on the functional status of DCs. Accordingly, naïve and effector memory T cells induce the maturation of DCs with a potent T-cell stimulatory capacity, whereas regulatory T cells (Treg cells) impart a tolerogenic feature on DCs. 4 In addition to T cells, B cells also have a distinct ability to regulate the function of DCs. Thus, B cells activated via toll-like receptor 9 (TLR9) signaling either alone or in combination with CD40 stimulation, which are the stimuli that have been shown to promote regulatory B cells (Breg cells), 5 were found to restrict the maturation of human DCs. 6 On the contrary, our previous results indicated that the regulation of human DCs by B cells depends on the signals that they receive. 7 In agreement with this finding, we showed that through contact-dependent interaction, B cells that were activated via BCR (with or without CD40 signaling) induce maturation of DCs. 8 These findings suggest that the B-cell-mediated regulation of DC function may depend on the activation signals received by B cells.
Like CD4 + T cells, B cells are highly heterogeneous. Naïve and memory B cells represent major B-cell subsets and are distinct in their phenotypic and functional features. 9, 10 Because of previous antigen experience, memory B cells, in general, are known to respond rapidly and robustly to activation stimuli.
11 B-cell subsets also have diverse impacts on anti-tumor immunity. 12 Considering these distinct properties of naïve and memory B-cell subsets, we investigated whether B-cell subsets have different abilities to regulate human DC functions.
BCR-ACTIVATED MEMORY, BUT NOT NAÏVE B CELLS, INDUCE DC MATURATION
We first investigated the effect of BCR-activated naïve and memory B cells on the phenotype of DCs that were differentiated from peripheral blood monocytes of healthy donors' buffy bags, as described previoulsy. 8 Permission from the ethics committee was obtained for the use of these materials for research purposes (Institut National de la Santé et de la Recherche-EFS ethical committee convention 15/EFS/012). Pure CD19 + B cells were isolated from peripheral blood mononuclear cells by negative selection process by using the B cell isolation kit II, human (Miltenyi Biotec, Paris, France). CD27 microbeads were used to separate naïve (CD27 − ) and memory (CD27 + ) B-cell subsets from these B cells. The naïve and memory B-cell subsets (0.5 × 10 6 cells/ mL) were pre-activated with BCR alone using a F(ab') 2 of goat antihuman IgM (10 μg/mL; Jackson ImmunoResearch Laboratories, West Grove, USA) or with BCR + CD40 stimulation using goat antihuman IgM and an agonistic anti-human CD40 monoclonal antibody (mouse IgG2B clone 82111, R&D Systems, Lille, France; 5 μg/mL) for 48 h.
Immature DCs (0.1 × 10 6 cells/200 μL/well) were seeded in U-bottom 96-well plates with GM-CSF and IL-4 and were cultured either alone as control DCs (DC ctrl ) or co-cultured at a 1:1 ratio with CD27 − naïve B cells or CD27 + memory B cells that were preactivated by BCR (DC Naïve-B-pBCR or DC Memory-B-pBCR ) stimulation (Fig. 1a) . Prior to co-culture with immature DCs, pre-activated B cells were treated with mitomycin C (50 μg/0.5 × 10 6 cells/mL; Sigma-Aldrich, Saint-Quentin Fallavier, France) and were washed thoroughly to generate mitotically inactive cells and to keep the B cell number constant in the B cell-DC co-culture systems.
After 48 h of culture, the cells were harvested, and supernatants were collected for the analysis of IL-6 and CCL22 (DuoSet® ELISA kit, R&D Systems). The phenotype of the DCs was analyzed by flow cytometry after staining with fluorochrome-conjugated antibodies (FITC-conjugated antibodies to CD1a, CD86, HLA-DR; PEconjugated antibodies to CD83, CD80, from BD Biosciences, Paris, France and anti-CD40-PE from Beckman Coulter, Villepinte, France).
We found that BCR-activated naive B cells did not significantly modify the phenotype of immature DCs (DC Naïve-B-pBCR ) and that the expression of various DC markers was similar to that of control DCs (DC ctrl ) (Fig. 1b-d) . These results indicate that BCR-activated naïve B cells do not provide sufficient signals for DC maturation. Interestingly, memory B cells activated by BCR signaling induced the maturation of DCs (DC Memory-B-pBCR ), which was characterized by significantly enhanced expression of co-stimulatory molecules, including CD80, CD86 and CD40; the antigen-presenting molecule HLA-DR, and the terminal maturation marker CD83 (Fig. 1b-d) . Furthermore, only BCR-activated memory cells but not naïve B cells were able to induce significant levels of cytokines (IL-6) and chemokines (CCL22) in DCs (Fig. 1e) . Together, these data demonstrate that BCR-mediated activation signals allow memory B cells but not naïve B cells to induce the maturation of DCs. Representative plots and the mean ± SEM of data from four donors. e The supernatants of DC-B cell co-cultures were analyzed for the levels (pg/mL) of the IL-6 cytokine and CCL22 chemokine (mean ± SEM, n = 4 donors). f DCs were purified from B cell-DC co-cultures by depleting B cells using CD20 microbeads. CD4 + T cells were co-cultured with DCs at various ratios for 5 days. DC-mediated CD4 + T-cell proliferation was determined by the [ 
CD40 SIGNALING PERMITS BCR-ACTIVATED NAÏVE B CELLS TO INDUCE THE MATURATION OF DCS
Previous studies have shown that naïve and memory B cells differ in their response to BCR signaling 9 and in their requirements for their differentiation into antibody-secreting plasma cells. 11 Therefore, we explored whether additional activation stimuli permit naïve B cells to induce DC maturation. To address this question, naïve and memory B cells pre-activated with BCR and CD40 stimuli (BCR + CD40) were co-cultured with immature DCs (DC Naïve-B-pBCR+CD40 or DC Memory-B-pBCR+CD40 ). We found that DCs co-cultured with BCR + CD40-activated naïve B cells (DC Naïve-B-pBCR+CD40 ) exhibited phenotypic changes suggestive of maturation compared to control DCs (DC ctrl ) (Fig. 1b-d) . In agreement with this finding, increased levels of cytokines and chemokines were also secreted by these DCs (Fig. 1e) . Interestingly, expression of activation markers and production of IL-6 and CCL22 by DCs cultured with BCR + CD40-activated memory B cells (DC Memory-B-pBCR+CD40 ) were similar to those of BCR + CD40-activated naïve B cells (Fig. 1b-d) . These findings suggest that while BCR signaling is adequate for memory B cells to induce DC maturation, additional CD40 signaling is required for naïve B cells to induce the maturation of DCs and to stimulate the production of DC cytokines.
BCR SIGNALING IS SUFFICIENT FOR MEMORY B CELLS TO INDUCE THE MATURATION OF DCS WITH T-CELL STIMULATORY CAPACITY
One of the main functions of DCs is to stimulate a T cell response. Therefore, we examined whether differences in the ability of B cell subsets to induce DC maturation are also reflected in their ability to regulate the T-cell stimulatory ability of DCs. Following 48 h of B cell-DC co-culture, B cells were depleted using CD20 microbeads, and B cell-depleted DCs were used for co-culture with CD4 + T cells. The purity of DCs following B cell depletion was up to 98%. CD4 + T cells were positively selected using CD4 microbeads (Miltenyi Biotec). For a mixed lymphocyte reaction, graded doses of B cell-depleted DCs were co-cultured in a U-bottom 96-well plate with allogeneic CD4 + T cells (0.05 × 10 6 per well/200 μL) in complete RPMI-1640 medium supplemented with 10% human AB serum. After 4 days in culture, cells were pulsed with 1 μCi (0.037 MBq) [ 3 H]thymidine overnight to quantify T-cell proliferation. Radioactive incorporation was measured on the fifth day using standard liquid scintillation counting, and the results were expressed as counts per minute.
In agreement with the phenotypic profiles, naïve B cells activated with BCR signaling did not alter the capacity of DCs (DC Naïve-B-pBCR ) to induce T cell proliferation, which was similar to that of control DCs (DC ctrl ).
On the contrary, memory B cells that received either BCR signaling alone (DC Memory-B-pBCR ) or BCR+ CD40 stimulation (DC Memory-B-pBCR+CD40 ) significantly enhanced the ability of DCs to induce the proliferation of T cells (Fig. 1f) . Taken together, these results indicate that BCR signaling is sufficient for memory B cells to induce the maturation of DCs with enhanced T-cell stimulatory capacity, whereas BCR + CD40 signaling is required for naïve B cells.
B cells play a diverse role during an immune response. In addition to producing antibodies, which are immune response modifiers, B cells also exert antibody-independent regulatory and effector functions, including antigen presentation to T cells and the production of cytokines and chemokines. Interestingly, our recent findings show that, similar to T cells, NK cells, and neutrophils, B cells also positively regulate the functional status of DCs in a contact-dependent manner. Furthermore, the present study reveals that naive B cells require antigen recognitioninduced BCR signaling and T-cell-induced CD40 signaling to induce DC maturation, whereas memory B cells acquire this competency following BCR signaling, even in the absence of CD40 signaling. This finding may be due to the rapid response of memory B cells to activation stimuli and to upregulate surface markers involved in the interaction with DCs.
9,10,13 Our findings are relevant for chronic inflammatory conditions, such as allergy and autoimmune diseases. Here, memory B cells can be activated, even in the absence of T cells, by sensing persistent (self) antigens. These activated B cells, in turn, gain the ability to activate DCs to induce a pathogenic T-cell response and antibody production (autoantibodies and allergenspecific IgE) to further enhance an ongoing destructive immune response.
